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1. INTRODUCTION {#ppap202000051-sec-0010}
===============

Vaccination, also known as immunization, helps an individual\'s immune system to develop protection against diseases caused by infectious agents. Successful vaccination shields the individual from infection by the pathogen or facilitates its elimination from the body to mitigate disease. Therefore, vaccines serve as a relatively inexpensive means of improving the overall health of populations at risk for infection. The efficacy of a vaccine in an at‐risk population is dependent on the number of individuals in the population who have been vaccinated. Population‐level protection against the spread of a pathogen by sufficiently high levels of vaccination is referred to as herd immunity.

Early trials of vaccination in the 15th century paved the way for a system of worldwide infectious disease control that has reduced the morbidity and mortality associated with many pathogens that have been the cause of global infectious disease outbreaks, such as the 1918 flu pandemic.^\[^ [^1^](#ppap202000051-bib-0001){ref-type="ref"}, [^2^](#ppap202000051-bib-0002){ref-type="ref"} ^\]^ Successful vaccination campaigns led to the complete eradication of smallpox in 1975, and they are the basis of contemporary efforts to eradicate polio. The current COVID‐19 pandemic has imposed a new urgency on researchers and industry to rapidly develop new strategies for vaccination that can be mass produced in a very short period of time. Advances in the knowledge of the biology of vaccine effects, along with the expansion of laboratory tools to study newly developed vaccines, have opened new avenues to be explored for developing "therapeutic" vaccines for treatment of chronic diseases, that is, they do not prevent disease but serve to reduce the severity of disease.

2. INFECTION AND IMMUNITY {#ppap202000051-sec-0020}
=========================

In humans, a disease commonly occurs after infection with pathogens due to a breach in the protective physical or chemical barriers and/or subsequent failure of the innate and adaptive immune responses responsible for controlling the infection. Infected individuals may then transmit the pathogen among other members of the community, promoting local, regional, national, and even international dissemination of the pathogen (Figure [1](#ppap202000051-fig-0001){ref-type="fig"}). In contrast, a competent immune system controls and clears the pathogen before the appearance of disease symptoms or, alternatively, reduces the severity and long‐term sequelae of the infection. Several infections, such as smallpox, result in life‐long immunity (in those who survive) against re‐infection after a single exposure to the virus due to the development of specific immune memory against the pathogen.^\[^ [^3^](#ppap202000051-bib-0003){ref-type="ref"}, [^4^](#ppap202000051-bib-0004){ref-type="ref"}, [^5^](#ppap202000051-bib-0005){ref-type="ref"} ^\]^ This vaccine‐like effect of an infection is the factual basis for supporting the intentional exposure of children to patients who have the disease as a form of protection. In contrast, other pathogen‐associated diseases, such as malaria, require repeated exposures (with or without disease symptoms) to provide some level of long‐term immunity.^\[^ [^6^](#ppap202000051-bib-0006){ref-type="ref"}, [^7^](#ppap202000051-bib-0007){ref-type="ref"} ^\]^ This protection is often lost if the individual leaves the endemic area for an extended period of time.

![Three lines of defense protect against infection by pathogenic microbes. Pathogens can be blocked or inactivated upon the initial exposure by physical and chemical barriers that protect potential ports of entry on and in the body. If a pathogen gains entry into the body, the innate and adaptive immune systems can mount general and specific (respectively) responses to the pathogen. Failures of all three lines of defense can lead to disease in infected individuals and the transmission of the pathogen into the population](PPAP-9999-e2000051-g001){#ppap202000051-fig-0001}

Many microbes do not confer long‐term immunity, even after a full‐blown disease. In addition, they continue to adapt to their environment in the host by acquiring mutations that allow them to become more virulent and possibly lethal without medical intervention. Some may even acquire mutations that facilitate cross‐species spread, as is the case with the pathogens responsible for COVID‐19, the severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) and the influenza virus.^\[^ [^8^](#ppap202000051-bib-0008){ref-type="ref"}, [^9^](#ppap202000051-bib-0009){ref-type="ref"} ^\]^ Furthermore, as a part of their evolution, pathogens often employ methods of evading or suppressing immune responses. This has been a great barrier in containing the COVID‐19 pandemic, as the SARS‐COV‐2 virus overwhelms the antiviral response of the innate immune system.^\[^ [^10^](#ppap202000051-bib-0010){ref-type="ref"} ^\]^ The continuous evolution of this and other pathogens serves as a sustained challenge for the immune system, including any previously established immunological memory, which may or may not be sufficient to control the disease. Pathogens, like the human immunodeficiency virus type 1 (HIV‐1), almost always succeed in causing disease by disabling immune cells, evading the immune system, and acquiring mutations that provide resistance to antiviral drugs.^\[^ [^11^](#ppap202000051-bib-0011){ref-type="ref"}, [^12^](#ppap202000051-bib-0012){ref-type="ref"}, [^13^](#ppap202000051-bib-0013){ref-type="ref"}, [^14^](#ppap202000051-bib-0014){ref-type="ref"} ^\]^ Control of pathogens that have such mechanisms to evade the host immune system necessitates a pharmacological intervention to prevent the disease. Therefore, each pathogen may present a unique set of challenges to the immune system that must be specifically addressed.

3. VACCINATION AND IMMUNOLOGICAL MEMORY {#ppap202000051-sec-0030}
=======================================

Vaccines work by introducing a specific and unique component of a pathogen, referred to as an antigen, that trains the host immune system without causing the symptoms associated with the infection. In other words, vaccines train the immune system to recognize a pathogen by mimicking the pathogen and enabling a specific and protective immune response. Ideally, the antigen promotes the generation of a strong immediate immune response, accompanied by memory responses specific to the antigen. Upon exposure to that pathogen at some time in the future, long‐lived memory cells awaken and recognize the antigen against which they were generated and mount a pathogen‐specific response, resulting in protection against the infection and associated disease.^\[^ [^15^](#ppap202000051-bib-0015){ref-type="ref"}, [^16^](#ppap202000051-bib-0016){ref-type="ref"} ^\]^

The effective development of long‐term memory cell responses depends greatly on the vaccine\'s ability to interact with and stimulate cells of the innate immune system, specifically antigen‐presenting cells (APC), at the site of inoculation (Figure [2](#ppap202000051-fig-0002){ref-type="fig"}). APCs act as the detectors of danger in the body and surveyors for foreign substances in the tissues. If APCs encounter foreign, nonself‐antigens, they engulf (phagocytose) them, travel to lymphoid organs, and present them on their surface. APCs display those antigens to highly specialized cells of the immune system (T and B cells) and trigger them to produce a specific immune response against the recognized antigens. Each T and B cell is designed to respond to a single antigen only, thus providing antigen specificity. This initial response takes up to 14 days to develop. A subset of these T and B cells, in turn, differentiates into long‐lived memory cells that are able to respond almost immediately upon re‐exposure to that antigen, bypassing the need for a de novo response.^\[^ [^15^](#ppap202000051-bib-0015){ref-type="ref"}, [^16^](#ppap202000051-bib-0016){ref-type="ref"}, [^17^](#ppap202000051-bib-0017){ref-type="ref"}, [^18^](#ppap202000051-bib-0018){ref-type="ref"}, [^19^](#ppap202000051-bib-0019){ref-type="ref"}, [^20^](#ppap202000051-bib-0020){ref-type="ref"} ^\]^ It is, therefore, necessary for vaccine formulations to be designed with different combinations of antigens to promote protective immunity through strong initial interactions with APCs.

![Vaccination results in the generation of immunological memory. Antigens in vaccine formulations are picked up by antigen‐presenting cells (APCs) at or near the site of inoculation. These APCs travel to lymph nodes and present the antigen to T cells that are specific for that antigen. The engaged T cells become activated and differentiate into effector T cells that travel back to the site of infection and attack the pathogen and/or the diseased cells. Some T cells establish memory and offer protection against subsequent exposures to that pathogen. Additionally, B‐cell activation results in production of antigen‐specific antibodies that may also persist to neutralize the antigen upon re‐exposure](PPAP-9999-e2000051-g002){#ppap202000051-fig-0002}

4. VACCINE ANTIGENS {#ppap202000051-sec-0040}
===================

In general, antigens for vaccines may contain the entire live but attenuated pathogens or killed whole pathogens. Other vaccine formulations, called subunit vaccines, contain one or more antigenic proteins, peptides, or nucleic acids derived from the pathogen.

Live attenuated vaccines are composed of weakened forms of pathogenic microbes; therefore, they have all necessary components to stimulate an immune response. Administration of such vaccines may produce a mild, asymptomatic infection; however, they are not virulent enough to cause disease. Instead, they help to establish durable immunity. Pathogens are attenuated via the introduction of mutations in their genome to disrupt genes encoding virulence factors or metabolic pathways and/or promote a survival advantage for the less pathogenic strains over the more pathogenic forms.^\[^ [^21^](#ppap202000051-bib-0021){ref-type="ref"}, [^22^](#ppap202000051-bib-0022){ref-type="ref"} ^\]^ However, these vaccines have a minute but real risk of the microorganisms reverting to a more virulent form, and they are generally not considered safe for the immunocompromised individual.^\[^ [^23^](#ppap202000051-bib-0023){ref-type="ref"}, [^24^](#ppap202000051-bib-0024){ref-type="ref"}, [^25^](#ppap202000051-bib-0025){ref-type="ref"}, [^26^](#ppap202000051-bib-0026){ref-type="ref"}, [^27^](#ppap202000051-bib-0027){ref-type="ref"} ^\]^

Inactivated vaccines contain a heat‐ or chemically killed avirulent whole pathogen. An inactivated pathogen cannot replicate or produce proteins and toxins that contribute to pathogenesis; therefore, it does not cause disease. These vaccines tend to be weak immunogens and require the assistance of adjuvants to initiate the innate immune responses. Adjuvants work by triggering immune pathways distinct from those stimulated by the antigen, thereby altering the magnitude and quality of the adaptive responses to ensure maximum protection.^\[^ [^28^](#ppap202000051-bib-0028){ref-type="ref"} ^\]^

Whole pathogen live attenuated and inactivated formulations allow for a number of antigens to be presented to APCs, with a greater potential for a multipronged robust immune response. In contrast, subunit vaccines only contain one or a few selected protein antigens that are potent stimulators of immunity.^\[^ [^29^](#ppap202000051-bib-0029){ref-type="ref"}, [^30^](#ppap202000051-bib-0030){ref-type="ref"}, [^31^](#ppap202000051-bib-0031){ref-type="ref"}, [^32^](#ppap202000051-bib-0032){ref-type="ref"}, [^33^](#ppap202000051-bib-0033){ref-type="ref"}, [^34^](#ppap202000051-bib-0034){ref-type="ref"} ^\]^ As an alternative to direct delivery of antigens as vaccines, antigens can be encoded into nucleic acids. In this approach, DNA or messenger RNA encoding one or more antigens is injected as a part of a vaccine preparation. Once it is taken up by cells around the injection site, using host cellular machinery, there is a local antigen expression and presentation to APCs.^\[^ [^35^](#ppap202000051-bib-0035){ref-type="ref"}, [^36^](#ppap202000051-bib-0036){ref-type="ref"} ^\]^

Irrespective of the formulation of vaccine antigens, vaccines are designed to produce robust protective immune responses in a majority of healthy individuals.

5. VACCINE FORMULATIONS AND DELIVERY {#ppap202000051-sec-0050}
====================================

Pathogen‐specific protection is influenced by the route of delivery, the correct formulation of vaccine antigens used, and controlled re‐exposure to antigens in the form of boosters (Table [1](#ppap202000051-tbl-0001){ref-type="table"}). Methods of delivery as well as formulations of vaccines have been optimized on the basis of the region where the initial contact between the pathogen and the immune system is expected to occur. In addition, there is a recipient‐dependent variation in the immune responses to vaccines. Generally, vaccine formulations are more efficient in healthy people than in individuals with compromised immune systems. Age or other pre‐existing conditions at the time of vaccination can influence the response to a delivered antigen.^\[^ [^38^](#ppap202000051-bib-0038){ref-type="ref"}, [^39^](#ppap202000051-bib-0039){ref-type="ref"}, [^40^](#ppap202000051-bib-0040){ref-type="ref"}, [^41^](#ppap202000051-bib-0041){ref-type="ref"}, [^42^](#ppap202000051-bib-0042){ref-type="ref"} ^\]^ Most vaccines are delivered on specific schedules during childhood to protect against bacterial and viral diseases that are more common in that age group. Other vaccines are available for adults as well as children for population‐level control of seasonal infections that change from year to year. The efficiency of some vaccines may be improved by incorporation of adjuvants (from adjuvare, to help) in vaccine formulations. These include aluminum salts, bacterial lipopolysaccharide (LPS), or cytosine phosphoguanine (CpG) oligodeoxynucleotides that are unmethylated DNA.^\[^ [^37^](#ppap202000051-bib-0037){ref-type="ref"}, [^43^](#ppap202000051-bib-0043){ref-type="ref"} ^\]^ Although aluminum salts have been used for over 80 years and are the most commonly used adjuvants with confirmed safety and high efficacy for different vaccines, their specific mechanism(s) of action are still unclear.^\[^ [^44^](#ppap202000051-bib-0044){ref-type="ref"}, [^45^](#ppap202000051-bib-0045){ref-type="ref"} ^\]^ Other adjuvants, like the synthetic CpG, have been more recently developed with more well‐known interactions to likewise promote a strong immune response.^\[^ [^46^](#ppap202000051-bib-0046){ref-type="ref"}, [^47^](#ppap202000051-bib-0047){ref-type="ref"} ^\]^ Overall, adjuvants help to maximize APC engagement and function, more optimally stimulate adaptive immune responses, and establish immunological memory.

###### 

WHO‐recommended vaccines

  Antigen                                                         Route of delivery               Formulation                        Booster              Adjuvant
  --------------------------------------------------------------- ------------------------------- ---------------------------------- -------------------- ---------------------------------------------------
  **Recommended for all children**                                                                                                                        
  BCG (tuberculosis)                                              Percutaneous                    Live attenuated                    No                   None
  Hepatitis B                                                     Intramuscular                   Protein subunit                    No                   Aluminum salts, LPS
  Polio                                                           Oral, intramuscular             Live attenuated, protein subunit   Yes, during travel   Aluminum salts
  Diphtheria, tetanus, and pertussis                              Intramuscular                   Protein subunit                    Yes, 3               CpG
  Haemophilus influenza type B                                    Intramuscular                   Live attenuated                    Yes, 1               Polysaccharides and carrier proteins
  Pneumococcal                                                    Intramuscular                   Protein subunit                    Yes, 1               Aluminum salts
  Rotavirus                                                       Oral                            Live attenuated                    No                   Toxoid
  Measles                                                         Intramuscular                   Live attenuated                    Yes, 1               None
  Rubella                                                         Intramuscular                   Live attenuated                    No                   None
  Human papillomavirus                                            Intramuscular                   Protein subunit                    No                   Aluminum salts
  **Recommended for children residing in certain regions**                                                                                                
  Japanese encephalitis                                           Intramuscular                   Live attenuated                    No                   Aluminum salts
  Yellow fever                                                    Subcutaneous or intramuscular   Live attenuated                    No                   Aluminum salts
  Tick‐borne encephalitis                                         Intramuscular                   Whole inactivated                  Yes, every 3 years   Aluminum salts
  **Recommended for children in some high‐risk populations**                                                                                              
  Typhoid                                                         Oral, intramuscular             Live attenuated                    Yes, every 3 years   Aluminum salts, polysaccharides, carrier proteins
  Cholera                                                         Oral                            Killed whole cell                  Yes, every 2 years   Toxoid
  Meningococcal                                                   Intramuscular                   Protein subunit                    Yes, after 1 year    Toxoid
  Hepatitis A                                                     Intramuscular                   Live attenuated, inactivated       None                 Aluminum salts
  Rabies                                                          Intramuscular, intradermal      Live attenuated                    None                 Aluminum salts
  Dengue                                                          Intramuscular                   Virus backbone vector              None                 None
  **Recommended for children in certain immunization programs**                                                                                           
  Mumps                                                           Intramuscular                   Live attenuated                    None                 None
  Seasonal influenza                                              Intramuscular                   Inactivated                        Yes, annually        Vary based on formulation
  Intranasal                                                      Live attenuated                                                                         
  Varicella                                                       Intramuscular                   Live attenuated                    None                 CpG

*Note:* Vaccines may be composed of whole organisms (live attenuated or inactivated) or a component derived from the pathogen (protein subunit, nucleic acid). Most vaccines are delivered via an injection intramuscularly or intradermally. Vaccines for diseases that initiate in the gastrointestinal system may be given orally (polio); those against respiratory diseases may be dispensed intranasally (influenza). The recommended programs are based on the routine vaccinations provided by the World Health Organization (WHO).^\[^ [^37^](#ppap202000051-bib-0037){ref-type="ref"} ^\]^

Abbreviations: CpG, cytosine phosphoguanine; LPS, lipopolysaccharide.
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A few vaccines have been suboptimal in establishing a sustained adaptive immune response that ensures a long‐term protection. A primary immunization, followed by a second booster dose (or even third, as with DPT) or multiple immunizations over a span of years, is necessary for sustained protection in such cases (e.g., tetanus).^\[^ [^38^](#ppap202000051-bib-0038){ref-type="ref"}, [^39^](#ppap202000051-bib-0039){ref-type="ref"}, [^40^](#ppap202000051-bib-0040){ref-type="ref"}, [^48^](#ppap202000051-bib-0048){ref-type="ref"} ^\]^ Boosters also help address the limitations of conventional, mass‐produced vaccines.

5.1. Immunotherapy as vaccination {#ppap202000051-sec-0060}
---------------------------------

Successful vaccination has increased the life expectancy of people worldwide; however, in cases where there are no vaccines available, pathogens that lead to a chronic disease state result in severe morbidity and mortality. The persistence of a chronic disease is often a result of (a) immune defects in the individual as a consequence of the primary disease (ability of pathogen to suppress the immune function of the individual to avoid eradication) or (b) the evolution of the pathogen within the host to achieve survival benefits. Therefore, recent efforts have shifted toward examination of therapeutic approaches to overcome or counteract these immune defects. One such strategy is vaccination as a form of immunotherapy, because it is designed to specifically stimulate immune responses against disease antigens derived from people living with the disease.^\[^ [^49^](#ppap202000051-bib-0049){ref-type="ref"}, [^50^](#ppap202000051-bib-0050){ref-type="ref"} ^\]^ This involves isolation of cells from the affected individual, their manipulation ex vivo to make the cells more immunogenic, and then reintroduction back into the patient to elicit optimal APC responses and subsequent protective adaptive immune responses (Figure [3](#ppap202000051-fig-0003){ref-type="fig"}). Here again, a personalized therapeutic approach may be more successful at combating each patient\'s individual disease, because fresh immune responses would be targeted against the pathogen variant found in the patient\'s body.

![Ex vivo approaches to vaccination. Cells extracted from patients with chronic disease would be exposed to physical or chemical inactivators ex vivo. Those inactivated cells would be reintroduced into the patient, leading to host immune activation and re‐education against the specific antigenic form found in their body](PPAP-9999-e2000051-g003){#ppap202000051-fig-0003}

Where classical vaccines work to establish an immune response based on a few preselected antigens, the use of whole cells that have been exposed to the pathogen in vivo and obtained from the patient for immunotherapy is considered optimal for chronic diseases, because it expands the selection of target antigens and is not limited by manufacturing issues.^\[^ [^49^](#ppap202000051-bib-0049){ref-type="ref"}, [^50^](#ppap202000051-bib-0050){ref-type="ref"}, [^51^](#ppap202000051-bib-0051){ref-type="ref"}, [^52^](#ppap202000051-bib-0052){ref-type="ref"} ^\]^ Therefore, ex vivo immunotherapeutic vaccine approaches serve a more personalized as well as precision vaccination strategy to address the individual variation in disease‐associated antigens as well as immune defects specific to an individual. The key to the success of the ex vivo immunotherapeutic vaccination approach is the increase in immunogenicity of antigen‐experienced cells to promote the APC function. A recently identified mode of drastically increasing the immunogenic potential of diseased cells is a cellular process known as immunogenic cell death (ICD).

5.2. Inducers of ICD {#ppap202000051-sec-0070}
--------------------

ICD, largely characterized in cancer cells, is a type of cell death that is characterized by release or display of damage‐associated molecular patterns (DAMPs) that increase the cells\' visibility to APCs. ICD, also referred to as immunogenic apoptosis, is distinct from nonimmunogenic apoptosis due to the specific spectrum of DAMPs released or displayed by the slowly dying cell.^\[^ [^53^](#ppap202000051-bib-0053){ref-type="ref"}, [^54^](#ppap202000051-bib-0054){ref-type="ref"} ^\]^ DAMPs are described as "find me" molecules that are prochemotactic (which allow recruitment of APCs to the site of antigen introduction) or "eat me" molecules that are prophagocytic (promote recognition and uptake of the dying cell by phagocytes). Various chemical and physical ICD inducers have been identified, each of which induces a different subset of the characteristic ICD markers (Table [2](#ppap202000051-tbl-0002){ref-type="table"}). Molecules associated with ICD may function as adjuvants in vaccine immunotherapy due to the downstream effects caused by immunogenic apoptosis.

###### 

Examples of different ICD inducers and corresponding ICD markers demonstrated in vivo

                         ICD inducer                                ICD markers                                In vivo disease model                               Study
  ---------------------- ------------------------------------------ ------------------------------------------ --------------------------------------------------- ---------------------------------------------------
  Chemical methods       Mitoxantrone                               Calreticulin, HMGB1 release                CT26 colon carcinoma                                \[[55](#ppap202000051-bib-0055){ref-type="ref"}\]
  Cisplatin              CXCL10 release                             Head and neck squamous cell carcinoma      \[[56](#ppap202000051-bib-0056){ref-type="ref"}\]   
  Doxorubicin            Calreticulin, ATP release, HMGB1 release   Triple‐negative breast cancer              \[[57](#ppap202000051-bib-0057){ref-type="ref"}\]   
  Viral vector           Oncolytic adenovirus                       Calreticulin, ATP release, HMGB1 release   Mesothelioma                                        \[[58](#ppap202000051-bib-0058){ref-type="ref"}\]
  Physical methods       High hydrostatic pressure                  Calreticulin, HSP70, HSP90                 Non‐small‐cell lung cancer                          \[[59](#ppap202000051-bib-0059){ref-type="ref"}\]
  Photodynamic therapy   Calreticulin, HSP90, ATP release           CT26 colon carcinoma                       \[[60](#ppap202000051-bib-0060){ref-type="ref"}\]   
  Radiation therapy      Calreticulin, ATP release, HMGB1 release   Prostate carcinoma                         \[[61](#ppap202000051-bib-0061){ref-type="ref"}\]   
  Nonthermal plasma      Calreticulin, ATP release                  CT26 colon carcinoma                       \[[62](#ppap202000051-bib-0062){ref-type="ref"}\]   

*Note:* Chemical methods of inducing ICD include chemotherapeutic drugs that are often administered to cancer patients, whereas physical methods are commonly drug‐free approaches directly applied to tumor cells.

Abbreviation: ICD, immunogenic cell death.
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6. NONTHERMAL PLASMA (NTP) AS AN IMMUNOGENIC CELL DEATH INDUCER {#ppap202000051-sec-0080}
===============================================================

Cancer therapeutics research continues to pursue methods of ICD induction that are characterized by optimal effectiveness with negligible or limited in vivo toxicity. Several chemotherapy drugs are now identified as ICD inducers when used in regimens not classically used in clinical practice, for example, oxaliplatin and mitoxantrone.^\[^ [^23^](#ppap202000051-bib-0023){ref-type="ref"}, [^63^](#ppap202000051-bib-0063){ref-type="ref"} ^\]^ Physical methods such as radiation, photodynamic therapy, pulsed electric fields, and high hydrostatic pressure are also modalities under investigation as ICD inducers.^\[^ [^55^](#ppap202000051-bib-0055){ref-type="ref"}, [^64^](#ppap202000051-bib-0064){ref-type="ref"}, [^65^](#ppap202000051-bib-0065){ref-type="ref"}, [^66^](#ppap202000051-bib-0066){ref-type="ref"}, [^67^](#ppap202000051-bib-0067){ref-type="ref"} ^\]^ However, toxicity remains a major challenge to overcome with many of these treatments.

Although the mechanism of ICD induction associated with the different physical and chemical agents is not fully elucidated, a common theme is the induction of the oxidative and endoplasmic reticulum (ER) stress in exposed cells.^\[^ [^54^](#ppap202000051-bib-0054){ref-type="ref"}, [^60^](#ppap202000051-bib-0060){ref-type="ref"}, [^68^](#ppap202000051-bib-0068){ref-type="ref"}, [^69^](#ppap202000051-bib-0069){ref-type="ref"}, [^70^](#ppap202000051-bib-0070){ref-type="ref"}, [^71^](#ppap202000051-bib-0071){ref-type="ref"}, [^72^](#ppap202000051-bib-0072){ref-type="ref"}, [^73^](#ppap202000051-bib-0073){ref-type="ref"} ^\]^ NTP has gained increasing attention over the last decade as being a highly controllable mechanism of delivering oxidative species to targets. The pioneering research by Lin et al. in 2017 first described NTP as a tool to enhance immunogenicity of cancer cells through the induction of the ER stress. It is being studied extensively in cancer research for its ability to selectively destroy tumor cells safely (in vivo).

NTP, the fourth state of matter, is an ionized gas composed of charged ions, electric fields, low amounts of UV light, and various reactive oxygen and nitrogen species (RONS). It is a high‐energy state that was originally utilized for sterilization due to its antimicrobial effects.^\[^ [^74^](#ppap202000051-bib-0074){ref-type="ref"}, [^75^](#ppap202000051-bib-0075){ref-type="ref"}, [^76^](#ppap202000051-bib-0076){ref-type="ref"}, [^77^](#ppap202000051-bib-0077){ref-type="ref"} ^\]^ Initially, NTP‐mediated protection from disease was investigated in the context of disease prevention by inactivating the pathogen on surfaces or in aerosols. The concept of the antiviral effects of NTP is gaining particular attention these days due to the search for new solutions against COVID‐19. Its efficacy has been successfully demonstrated against viruses that cause foodborne illness such as norovirus as well as viruses that cause respiratory illness, including influenza, adenovirus, and respiratory syncytial virus, where NTP prevented viral replication and transmission.^\[^ [^78^](#ppap202000051-bib-0078){ref-type="ref"}, [^79^](#ppap202000051-bib-0079){ref-type="ref"}, [^80^](#ppap202000051-bib-0080){ref-type="ref"}, [^81^](#ppap202000051-bib-0081){ref-type="ref"}, [^82^](#ppap202000051-bib-0082){ref-type="ref"}, [^83^](#ppap202000051-bib-0083){ref-type="ref"}, [^84^](#ppap202000051-bib-0084){ref-type="ref"}, [^85^](#ppap202000051-bib-0085){ref-type="ref"} ^\]^

As NTP became widely recognized as a safe method for sterilization of various consumable goods and products in industry, the effects of NTP on mammalian cells started receiving attention. Shortly thereafter, the field of plasma medicine emerged, focusing largely on the antitumor potential associated with the NTP application.^\[^ [^86^](#ppap202000051-bib-0086){ref-type="ref"} ^\]^ During the generation of NTP, several different RONS are created, with hydroxyl ions, peroxides, superoxides, nitrates, nitrites, and peroxynitrites being the most biologically active.^\[^ [^86^](#ppap202000051-bib-0086){ref-type="ref"}, [^87^](#ppap202000051-bib-0087){ref-type="ref"}, [^88^](#ppap202000051-bib-0088){ref-type="ref"}, [^89^](#ppap202000051-bib-0089){ref-type="ref"}, [^90^](#ppap202000051-bib-0090){ref-type="ref"} ^\]^ When delivered to cells, these species induce oxidative stress, followed by the increased release of several DAMPs, including ATP and HMGB1. The plasma‐induced ER stress also causes the translocation of ER‐resident proteins like calreticulin (CRT) to the cell surface.^\[^ [^90^](#ppap202000051-bib-0090){ref-type="ref"}, [^91^](#ppap202000051-bib-0091){ref-type="ref"} ^\]^ Together, these DAMPs act as multiple prophagocytic and prochemotactic ICD signals for APCs, an initiating step for all immune responses in the body (Figure [4](#ppap202000051-fig-0004){ref-type="fig"}). NTP may be applied directly to cells or indirectly via plasma‐exposed liquid or medium (PAL, PAM, or PALM) to obtain these immunogenic effects. Recent studies have also demonstrated success in causing ICD induction in tumors in many different animal models after direct or indirect exposure to NTP. Both modalities have also passed the "gold standard" test essential for any bona fide ICD inducer---the vaccination/challenge model. NTP has thus been characterized as a potent ICD inducer.

![Treatment with NTP enhances immunogenicity of an exposed cell. NTP produces RONS that are biologically active. In response to these molecules, resident ER proteins such as calreticulin will become externalized and act as prophagocytic markers. The cell will also release specific proteins or molecules that act as "find me" signals, many of which are cytokines but also include ATP that has been translocated from the mitochondria. These will summon other immune cells to the site of stress and facilitate an immune response. CXCL, chemokine; ER, endoplasmic reticulum; HMGB1, high‐mobility group box1; HSP, heat shock protein; ICD, immunogenic cell death; MCP, monocyte chemoattractant protein; NTP, nonthermal plasma; RONS, reactive oxygen and nitrogen species; TNF, tumor necrosis factor](PPAP-9999-e2000051-g004){#ppap202000051-fig-0004}

7. NTP ENHANCES IMMUNOGENICITY {#ppap202000051-sec-0090}
==============================

The potential for using NTP to augment immunogenicity is evident in studies where either direct dielectric barrier discharge or plasma‐activated liquid applied to CT26 colon cancer cells or PDA6606 pancreatic cancer cells resulted in (a) increases in ICD markers CRT, HSP70, and HMGB1, as well as (b) the release of key proinflammatory cytokines that promote the APC function, such as MCP‐1, TNF‐α, and IFN‐γ. These results were corroborated by in vivo exposure of tumors where enhanced immunogenic phenotype of cancer cells was followed by an increased infiltration of macrophages into tumors. In addition, more tumor‐specific T cells were present in the spleens, indicating that local treatment of tumors produces a systemic protective response. T‐cell activation was validated ex vivo via co‐cultures of T cells isolated from these animals with NTP‐exposed CT26 cells.^\[^ [^62^](#ppap202000051-bib-0062){ref-type="ref"}, [^92^](#ppap202000051-bib-0092){ref-type="ref"} ^\]^ The oxidative ER stress produced by the short‐term exposure of tumors to plasma RONS triggered the entire cascade of immune responses necessary to combat the disease. This would imply that a similar protective effect could be achieved by vaccination against cancer.

8. NTP FOR VACCINATION {#ppap202000051-sec-0100}
======================

The efficacy of NTP for vaccination against cancer was first tested in the CT26 colon cancer model.^\[^ [^62^](#ppap202000051-bib-0062){ref-type="ref"} ^\]^ An in vitro "cancer vaccine" was created by exposing CT26 cells to NTP and injected into mice after confirming the presence of DAMPs on these cells. A period of 1 week was allowed for the generation of de novo immune responses against this vaccine. The same mice were then challenged with an injection of live CT26 cells at a different site, and the tumor size was monitored for several days to assess the inhibition of cancer cell proliferation and tumor growth. If the initial vaccine was successful, the challenge should be protective against the development of new tumors at the challenge site. Immunization with NTP‐treated CT26 cells resulted in lower tumor volumes than that observed in control mice that did not receive the NTP‐CT26 vaccine, suggesting partial protection. Furthermore, 30% of the treated mice did not develop tumors and thus were considered fully protected.^\[^ [^62^](#ppap202000051-bib-0062){ref-type="ref"} ^\]^ This model of a whole‐cell vaccine suggests that plasma is sufficient to trigger events that are required for protective immune responses against a disease and may, in fact, result in NTP‐mediated autologous immunization.

The utility of NTP in combination with a peptide vaccine was also investigated in a mouse model of tumor growth and treatment.^\[^ [^62^](#ppap202000051-bib-0062){ref-type="ref"} ^\]^ To explore the benefits of the combination therapy, subcutaneous CT26 tumors in mice were treated with NTP in combination with the Ad5‐GUCY2C‐S1 vaccine, a vaccine already in clinical trials, targeting the GUCY2C tumor antigen of CT26 cells. Several weeks after treatment, antigen‐specific T cell activation was analyzed by IFN‐γ production. Comparisons between T‐cells isolated from mice treated with NTP alone and those that received the Ad5 vaccine alone revealed that levels of antigen‐specific cell activation were comparable. However, in mice that received both NTP and the Ad5 vaccine, activation of T cells targeting the GUCY2C tumor antigen was much more enhanced.^\[^ [^62^](#ppap202000051-bib-0062){ref-type="ref"} ^\]^ In addition, an expanded population of T cells targeting another tumor antigen, against which animals were not vaccinated (AH‐1), was also found, suggesting the generation of new antigens by NTP.

The implications of this observation would signify a much broader effect of plasma, relevant to modulation of the course of diseases. NTP could be useful as an immunomodulating tool in immunotherapeutic strategies that involve ex vivo exposure of cells and tissues, whereby cells not only emit DAMPs, but also display new antigens so that the de novo immune responses overcome the issue of the depleted immune function. Furthermore, proinflammatory cytokines and chemokines that attract and activate APCs are released in response to the NTP exposure. Successful vaccination strategies rely on differentiation of APCs promoted by antigens. Previous methods have relied on other maturation stimulants such as LPS along with the antigen. NTP application has been shown to alter the APC function directly in many studies. Kaushik et al.^\[^ [^93^](#ppap202000051-bib-0093){ref-type="ref"} ^\]^ demonstrated that the NTP exposure of monocytes caused them to differentiate into proinflammatory (M1) macrophages with antitumor and antimetastatic effects against cancer cells. Recruitment of APCs to the local site of NTP application has also been reported in other studies.^\[^ [^94^](#ppap202000051-bib-0094){ref-type="ref"} ^\]^ Yet, other studies document enhanced functional capacity of APCs.^\[^ [^95^](#ppap202000051-bib-0095){ref-type="ref"}, [^96^](#ppap202000051-bib-0096){ref-type="ref"}, [^97^](#ppap202000051-bib-0097){ref-type="ref"} ^\]^

Furthermore, NTP may also have the potential to stimulate robust adaptive immune responses directly. In studies of NTP‐treated mouse melanoma cells, the upregulation of surface MHC I was observed in addition to increases in cell surface CRT.^\[^ [^98^](#ppap202000051-bib-0098){ref-type="ref"} ^\]^ This observation suggests an enhanced antigenicity of these cells, because an increase in surface MHC I potentially allows for more stable targeting by cytotoxic T lymphocytes (CTLs), which may thus mediate more efficient eradication upon encounter with these immune cells. This critical measure of immune protection after vaccination is particularly important in diseases in which progression is enabled by the downregulation of MHC I, including HIV‐1 infection. These results demonstrate the potential of NTP as not only a tool for enhancing immunogenicity of cells in chronic diseases, but also one that can reverse the immune dysfunctions that enable infections to persist.

Therefore, NTP fulfills many requirements for a good vaccine, at least in cancer model systems. It promotes antigenicity, stimulates innate immune responses (APC maturation and function directly, enhances APC function indirectly via DAMPs), modulates adaptive immune responses, and boosts the effects of other vaccines. These observations merit examination of NTP for vaccination (preventative and therapeutic) for infectious diseases.

Although several investigators report the direct antimicrobial effects of NTP, there is no evidence in the literature of immune protection conferred by plasma during an infectious disease. There is, however, evidence of NTP‐enhanced effects of vaccination against HIV‐1, a global public health challenge. A DNA vaccine targeting an HIV‐1 protein was administered to mice intradermally, followed by local NTP application at the site of injection.^\[^ [^99^](#ppap202000051-bib-0099){ref-type="ref"} ^\]^ The vaccine was selected, because it only produces weak immune responses. An enhanced cellular and humoral (antibody) immune response to the expressed antigen was reported in groups where vaccine and NTP were dispensed in conjunction as compared with animals that received the vaccine alone.^\[^ [^99^](#ppap202000051-bib-0099){ref-type="ref"} ^\]^ The authors propose that this adaptive immune response amplification may be a result of improved vaccine delivery and/or better local APC responses. Other studies suggested that NTP improves vaccine efficacy of inactivated whole‐pathogen vaccines. Vaccination with NTP‐inactivated H9N2 avian influenza and Newcastle viruses yielded higher antibody titers in chickens as compared with formaldehyde‐inactivated virus, presumably because NTP preserved the antigenic structure of the disabled virus better than formaldehyde.^\[^ [^88^](#ppap202000051-bib-0088){ref-type="ref"} ^\]^ The structural changes in the virus were dose‐dependent and correlated with the different plasma RONS.^\[^ [^88^](#ppap202000051-bib-0088){ref-type="ref"} ^\]^ This study highlights the ability of NTP to enhance adaptive immune responses after vaccination with NTP‐inactivated pathogens, besides aiding in vaccine delivery and promoting various APC functions at the site of vaccination. More detailed studies on other models of infection are needed to better elucidate additional immunological outcomes of plasma‐facilitated vaccinations.

Although not everything is known about the mechanisms that underlie NTP‐mediated enhancement of immunogenicity (besides induction of ICD), it is clear that NTP has the potential to serve as a multifaceted tool in vaccine development.

9. CONCLUSIONS {#ppap202000051-sec-0110}
==============

NTP has the potential to fulfill many requirements for an effective and efficient vaccination strategy through direct and indirect stimulation of both innate and adaptive immune responses. This conclusion is derived from the following effects of NTP: NTP has demonstrated utility in enhancing immunogenicity of cells exposed to plasma RONS, which promotes APC recruitment, maturation, and cytokine production.The direct exposure of APCs to NTP has also been shown to augment their migration, phagocytosis, and cytokine/chemokine production.Increased recruitment of APCs is observed in tissues exposed to NTP.Downstream proliferation and activation of T cells have been documented after the NTP exposure.A direct stimulation of T cell function has been reported after the NTP exposure.

As a highly adaptable tool that continues to be extensively investigated in various disease models, NTP has the potential to synergize with existing vaccination strategies, including those involving ex vivo immunomodulation of immune cells. NTP also has the potential to be used as a partner in combinatorial vaccination strategies, as it was shown to promote immunogenicity of vaccines that were suboptimal when administered alone. The full potential of NTP to enhance immunogenicity needs to be explored further by assessment of the diversity of immunogenic antigens that are displayed post‐NTP exposure and how this NTP‐augmented antigen presentation impacts not just CTL responses but also B cell responses and the generation of antibodies. NTP could also become a novel tool in the fight against emerging infectious diseases, like COVID‐19, that even challenge the immune system of healthy individuals due to the host\'s immunological naivety of the pathogen. The most direct approach for NTP against SARS‐CoV‐2 would be inactivation of the virus in aerosols to interrupt transmission. However, virus particles inactivated by NTP can potentially be used for preventative vaccination to induce stronger and longer protection, and also facilitate delivery of SARS‐CoV‐2. The extensive range of vaccine forms, adjuvants, and dosing strategies offer novel opportunities for NTP to be developed as an emerging technology to be used in vaccinations against other infectious disease pathogens as well as cancers. The promotion of APC function, immune cell recruitment, T cell‐activation, and humoral responses suggests the potential for enhancing immunogenicity in the context of vaccination and chronic infectious diseases.
